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@Ptesm a enhanced C—Vap.^^^ 
Glass (BPSG) with low flow temperature. 

© A method of forming a BPSG film in a PECVD 
reactor with ratios of P 2 03/P 2 Os such that the film 
flows at low temperature in a non-oxidizing amb.ent 
and produces a reduced number of particulates. The 
method permits tailoring of the wall angle of a BPSG 
film by controlling the P2O3/P2O5 ratio. 
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Field of the Invention 

This invention generally relates to smoothing 
contours on the surface of an integrated circuit ch.p 
by flowing a borophosphosilicate glass (BPSG). 
More particularly, it relates to a composition of the 
BPSG and methods for its deposition and anneal 
that provide desired step coverage, wall angle, and 
film stability. Even more particularly, it relates to a 
plasma enhanced chemical vapor deposition 
(PECVD) process for BPSG deposition that pro- 
vides a BPSG composition that can later be flowed 
at low temperature in a non-oxidizing ambient. 



Background of the Invention 

BPSG films are widely used in the semicon- 
ductor industry, offering an insulating material with 
three key advantages: (1) BPSG can be flowed at a 
lower temperature than other materials to smooth 
steps and fill trenches, providing a gradually ta- 
pered contour that permits deposition of a uniform 
thickness of metal; and (2) the phosphorous in 
BPSG is capable of mobile ion gettering. 

The ability to process at low temperature is 
increasingly important for the fabrication of inte- 
grated circuits with devices having short channel 
lengths and shallow junctions. By taking advantage 
of the ability to flow the glass at low temperature, a 
smoother surface is achieved without redistribution 
of dopants in these underlying integrated circuit 
devices. A surface free of sharply changing topol- 
ogy permits metal layers to be deposited with 
more uniform metal thickness and provides a more 
reliable insulation between conductive layers. With- 
out a material that flows, it was found that the 
insulator and the conductor are much thinner adja- 
cent steps, and these are the regions that are later 
found to produce either opens in the metal lines or 
short circuits between levels of metal. A BPSG 
anneal step that flows the glass eliminates the 
thinning problems and increases chip reliability. 

Chemical vapor deposition (CVD) has long 
been used to deposit BPSG on integrated circuits. 
Three processes are available, atmospheric pres- 
sure chemical vapor deposition (APCVD), low pres- 
sure chemical vapor deposition (LPCVD). and plas- 
ma enhanced chemical vapor deposition (PECVD). 

In the APCVD process used in manufacturing, 
wafers move on a belt through a furnace at ele- 
vated temperature under injectors that provide sep- 
arate flows of reactant gases that mix and react on 
the wafer surface. Reactant gases typically ema- 
nate from different parts of the injector and reac- 
tants are held apart from each other for a short 
distance in the furnace by nitrogen blankets so that 
reactants mix and react only when they reach the 
wafer surface. Gases such as silane, oxygen, 



diborane, and phosphene are used as reactants. 
The process provides BPSG films that flow at low 
temperature. In particular, the BPSG films formed 
by APCVD flow at temperatures below 1000 * C in a 
5 non-oxidizing ambient. 

However, the APCVD process poses significant 
manufacturing difficulties, including: (1) a high level 
of particulates on each wafer; (2) film thickness and 
film compositional variation within a wafer and be- 
to tween wafers; (3) the requirement for frequent in- 
jector replacement for cleaning, and the additional 
substantial tool down-time for requisite perfor- 
mance tests after injector replacement; and (4) the 
inability to quickly switch from BPSG deposition to 
I5 another material deposition without changing injec- 
tors. . 

A process providing fewer defects, improved 
thickness and compositional uniformity, self clean- 
ing of reactor parts, and the ability to switch the 
20 materials being deposited without changing reactor 
parts would therefore provide significant advan- 
tages to a manufacturer. 

A process for depositing BPSG using PECVD 
has posed significant difficulties as reported by 
25 Tong et. al. in "Solid State Technology," January. 
1984. p. 161-170 and by Kern and Smeltzer in 
"Solid State Technology," June. 1985, p. 171-179. 
One of the difficulties noted was that the PECVD 
film needed a 70* higher anneal temperature to 
so achieve the same wall angle when the anneal was 
conducted in a dry nitrogen ambient than when it 
was conducted in a steam ambient. The article also 
points out that annealing in a steam ambient can 
cause problems for exposed contact openings. 
35 namely the growth of oxide in the contacts. 

Thus, a method is needed to provide BPSG 
that retains the flow properties of the APCVD pro- 
cess without the disadvantages. 

40 Summary of the Invention 

It is therefore an object of the present invention 
to provide a PECVD method of forming BPSG films 
that flow at low temperature in a non-oxidizing 
45 ambient while providing high resistance to defects. 

It is another object of this invention to provide 
a composition of BPSG formed by PECVD that 
flows at low temperature in a non-oxidizing ambient 
while providing high resistance to defects, 
so It is another object of this invention to provide 

a method of forming contacts with sloping sidewalls 
using the variable flow characteristics found to be 
available from the use of PECVD BPSG. 

These and other objects of the invention are 
55 accomplished by the method more fully described 
below for forming a BPSG film. According to the 
invention, it has been found that the higher anneal 
temperature required of BPSG films formed by 
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means of PECVD is caused by a h.gh property of 
P 2 Oa as compared to more fully ox.d.zed P 2 Os n 
the films; however, a small proport,on of P 2 0 3 >s 
needed in the BPSG film because a purely P.Ob 
composition is unstable and produces large quan- 
tities of crystalline particu.ates. Means are prov.ded 
n the invention to achieve a desired proport.on of 
P 2 0 3 in the film as compared to P 2 Os by adjusting 
parameters, including silane flow rate, n.trous ox.de 
Sow rate, and overall gas pressure dunng the 
PECVD deposition. 

In addition, means are provided .n a second 
embodiment of the invention to take advantage of 
the fact that a film with a high P 2 0 3 com P os.t,on 
does not flow during a non-oxidizing anneal re- 
quired immediately after deposition. In th.s embodi- 
ment the flow step is delayed unt,l after contact 
openings through the BPSG are formed. Then an 
oxidizing ambient, such as oxygen or steam s 
used in an anneal step, converting the P 2 0 3 to 
P 2 Os which flows, and reshapes contact openings 
so they have more sloping sidewalls 

In addition means are provided to control he 
wall angle of a BPSG film by controll.ng the 
P 2 0 3 /P 2 0s ratio in the film. 

RriH p oe ™ptinn of the Drawings 

The foregoing and other objects. Matures and 
advantages of the invention will be apparent from 
the following detailed description of the .nvent.on 
as illustrated in the accompanying drawngs. .n 
which: 

Across-sectional view of a BPSG covered 
step that has not flowed; 

Across-sectional view of a BPSG covered 
step that has flowed; 

r s ' G a table showing the P 2 0 3 /P 2 Os ratio as a 
function of process variables; 

alfcontotr^lots showing the P 2 0 3 /P 2 Os ratio 
as a function of process variables; and 
FIGS. 4a to 4c 

are cross-sectional views showing the process 
steps for forming a contact with more slop.ng 
sidewalls. 
Detailed Descriptio n of the Invention 

FIGS 1a-1b illustrate a semiconducting wafer 
18 typically formed from a material such as s.l.con. 
on which is formed an integrated circuit array, one 
cell 20 of which is shown. In the course of process- 
ing wafer 18, sharp steps 22 are formed for struc- 
tures such as gates and other conducing l.nes. A 



BPSG film 24a is deposited, usually with a thick- 
ness in the range 200 to 1000 nm (2000 to 
10 000A). More preferably, the film thickness .s in 
the range of about 400 to 800 nm (about 4000 to 
5 8000A). Most preferably, about 530 nm (about 
5300A). As-deposited BPSG film 24a is then an- 
nealed to smooth contours over step 22 and pro- 
vide a protective layer for the integrated c.rcuit. 
The result is BPSG film 24b shown in FIG. 1b. The 
w surface of flowed BPSG layer 24b need not be flat; 
flow is satisfactory if it reduces the wall angle G b o 
contour 27b crossing step 22 compared to the wall 
angle 9 a of contour 27a associated with as-depos- 
ited BPSG film 24a. Typically, as deposited BPSG 
J5 layer 24a has wall angle e a in the range of 50 • to 
60- and flowed BPSG layer 24b has wall angle 0 b 
in the range of 25* to 40". 

As noted hereinabove. PECVD was found to 
have a distinct disadvantage compared to APCVD. 
on With PECVD deposition, the BPSG required a 70' 
higher flow temperature to achieve comparable 
contours when the anneal was conducted «n a non- 
oxidizing ambient, such as dry nitrogen than when 
conducted in a steam ambient. 
25 However, it was found that smoothing of con- 

tours on the surface at lower temperature .s 
achieved by conducting the anneal in an ox.d.zmg 
ambient such as oxygen or steam. But an oxygen 
ambient during the high temperature annea I .ntro- 
30 duces another problem, namely increased s, ic.de 
and source-drain resistivity, a problem that de- 
creases the speed of the integrated circuit device. 

The increased resistivity arises because boron- 
doped silicon located in the source and dram re- 
35 gions of transistors is oxidized when oxygen d.f- 
?uses through the BPSG to the sihcon surface. 
Boron preferentially segregates into the s.hcon ox- 
S£ leaving less boron in the si.icon to prov.de 
mobile carriers. While a silicon nitr.de layer formed 
40 before the BPSG deposition could be used to pre- 
vent the silicon oxidation and thereby avo.d the 
bol segregation, the addition of a nitr.de layer 
would add to cost and process complexity. 

lt is known in the art that two ox.dat.on states 
45 are present for the phosphorous m APCVD BPSG 
films a P 2 Oa state and a more ox.d. Z ed P 2 Os 
s ale However, it is believed that the pnor art has 
taught nor suggested that BPSG nnmjow 
properties depend on the rato of these two ox,da 
5 o Estates. And the prior art. » 

search and Development Note 90-1. Character* 
tics of BPSG Films from TEOS Deposed at 
500 -C." published By Watkins-Johnson Company 
March 1990. p. 16. teaches against the fmd.ng o 
55 the present invention that a porton of P 2 0 3 
needed for stabilizing the film. 

In particular, the present inventors have deter- 
mined that increasing the proportion of P 2 Q 3 to 
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p 2 Os in the composition inhibits glass flow in a 
non-oxidizing ambient and raises the flow tempera- 
ture The present inventors believe that when a film 
with a large amount of P 2 0 3 is annealed in an 
oxidizing ambient, the satisfactory low temperature 
flow results are accounted for by the fact that some 
of the P2O3 is first further oxidized to P2O5. In 
addition, it has been determined by the present 
inventors that if the proportion of P2O3 to P 2 Os is 
below about 2%, the BPSG film is unstable and a 
large number of crystalline particulates are formed. 
Thus, to achieve reduced flow temperature, a pro- 
portion of P203/P205 in the range of 0 to 25% is 
preferred. However, to enhance film stability, it is 
preferred that the ratio of P203/P205 be at least 
2% Thus, for a given boron composition, the con- 
ditions providing a reduced flow temperature while 
retaining film stability are those that provide a 
P 2 0 3 /P 2 0s ratio of no lower than about 2% and no 
higher than about 25%. 

It is known in the art that wall angle 9 b illustrat- 
ed in FIG. 1b can be controlled by controlling the 
anneal temperature. The present inventors have 
determined that for a given anneal temperature, 
wall angle 6 b can be controlled by controlling the 
ratio of P2O3/P2O5 by methods descnbed 
hereinabove. 

Various sources of the silicon, oxygen, phos- 
phorous, and boron are known in the art. Sources 
of silicon include silane and tetraethylorthosilicate 
(TEOS). Sources of oxygen include nitrous oxide 
and oxygen. Sources of phosphorous include phos- 
phene. trimethylphosphate (tmp), and triethyl- 
phosphate (tep), Sources of boron include d.borane 
and trimethyiborate (tmb). 

FIG. 2 sets forth experimental data showing the 
effect of three process variables, N2O flow, SIH* 
flow, and system pressure, on the ratio of 
P2O3/P2O5 in BPSG layers deposited with a Novel- 
lus PECVD tool. Also shown is the effect of these 
parameters on film thickness and the amount of 
boron and phosphorous incorporated in the film. In 
this tool wafers pass through a load lock into a 
reaction chamber on a heated block that serves as 
the bottom electrode of a pair of parallel plates. 
The top electrode includes a showerhead through 
which the premixed reactants pass. For this experi- 
ment diborane was diluted with nitrogen in a 10:1 
ratio and the mixture flowed at 450 ccpm. Phos- 
phene had the same dilution and flowed at 200 
ccpm. The silane flow shown in Table 1 is before a 
5-1 dilution with nitrogen. Nitrous oxide was not 
diluted. Temperature was fixed at 400oC and the 
electrodes were connected to a 13.56 MHz power 
supply that was set at 1000 Watts to form the 
plasma in the gas mixture. In each case the reac- 
tion proceeded for 1 minute. 



Experimental results indicate that the 
P2O3/P2O5 ratio is reduced when chamber pres- 
sure is increased, silane flow is lowered, or nitrous 
oxide flow is raised. As illustrated in FIGS. 3a-3c, 
5 various combinations of the three process variables 
can be used to achieve the same P2O3/P2O5 ratio. 
Preferred system pressure is in the range of 0.8 to 
10 torr, the 2.2 to 2.6 torr range is more preferred, 
and 2.4 to 2.6 torr most preferred. Preferred silane 
10 flow is in the range of 20 to 500 ccpm, the 160 to 
200 ccpm range is more preferred, and about 140 
to 160 ccpm is most preferred. Preferred nitrous 
oxide flow is in the range of 3 to 10 Ipm, the 6 to 
10 Ipm range is more preferred, and 8 to 10 Ipm is 
15 most preferred. Preferred deposition temperature is 
in the range of about 250 to about 500 'C, more 
preferably about 400 'C. Preferred system power is 
in the range of about 500 to about 1500 Watts, 
more preferably about 1000 Watts. 
20 An embodiment of the invention further utilizing 

the ability to control flow temperature and flow 
angle by controlling the P2O3/P2O5 ratio is illus- 
trated in FIGS. 4a-4c. 

This embodiment provides sloping sidewalls in 
25 contact holes without the need for wet etch or 
complex dry etch processing. 

The sloping sidewalls are necessary to main- 
tain metal thickness uniformity when deposited into 
contact vias. 

30 As the first step in the process, illustrated in 

FIG. 4a, BPSG layer 24a is deposited using 
PECVD with a high P2O3/P2O5 ratio, e.g.. about 
20%, by method described herein-above and an- 
nealed at 900 °C in a dry nitrogen ambient, which 

35 anneal does not substantially flow BPSG layer 24a. 
Then, as illustrated in FIG. 4b. contact openings 40 
are formed in BPSG layer 24a by photolithographic 
and reactive ion etch process known in the art, 
producing substantially perpendicular sidewalls 

40 42a. Finally, as illustrated in FIG. 4c, wafer 18 is 
annealed in an oxygen ambient, and the BPSG film 
flows to form BPSG layer 24c with more sloping 
sidewalls 42b in contact openings 40. 

45 Claims 

1. A method of forming a borophosphosilicate 
glass film, comprising the steps of: 
providing gaseous boron, phosphorous, silicon, 
50 and oxygen-containing reactants in a chamber; 

forming a plasma comprising at least one of 
said reactants; and 

controlling the pressure, temperature, and flow 
rates of said reactants so as to achieve a 
55 borophosphosilicate glass film having a ratio of 

P2O3 to P2O5 in the range of about 0% to 
about 25%. 
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2. A method as recited in claim 1 , comprising the 
additional step of annealing said film at a tem- 
perature in the range of about 600*0 to 
1100- C in a non-oxidizing ambient to flow said 
film. 

3. A method as recited in claim 1 , wherein said 
ratio is in the range of about 2% to about 10%. 

4. A method as recited in claim 1, wherein said 
reactants include at least one from the group 
silane, nitrous oxide, phosphene, and diborane. 

5. A method as recited in claim 1, wherein said 
deposition temperature is in the range of about 
250 *C to 500 *C, said pressure is in the range 
from 2.0 torr to 2.8 torr, the flow rate of un- 
diluted silane is in the range of about 20 to 
500ccpm and the flow rate of nitrous oxide is 
in the range of about 3 Ipm to 10 Ipm. 

6. A method as recited in any one of the preced- 
ing claims, comprising the additional step of 
forming a pattern with openings in said film. 

7. A method as recited in claim 6, wherein said 
ratio is at least 10%. 

8. A method as recited in claim 6 or 7, compris- 
ing the additional step after said opening for- 
ming step of ion implanting boron into said 
openings. 
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FIG. 1b 
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